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Abstract:Presentmobileradioservicesofferprimar-
ilyvoicecommunicationtocustomersoamingwithin
largecelltopographies.Typicallythesesystemsdonot
. requirelargebandwidthsandofferlittleor nothingin
thewayofdatabasedserviceswiththeresulthatthey
operatewithbit errorratesas highas onein one
thousand.However,in recentyearstherehasbeena
trendtowardsmorespectrallyefficient,smallcell,
highdataratesystemsanda growingdemandfor a
newtypeofserviceofferingveryhighdataratesfor
indoorwirelessLAN applications.In thispaperwe
presenta modelwhichpredictspropagationcharac-
teristicsfor givensmallcell environmentsandsub-
sequentlyusesthepropagationdatatoanalysethe
radiolinkperformanceforavarietyofsystemdesigns.
In ordertoachieveveryaccuratehighdataratetrans-
missionthebenefitsof linearmodulationcombined
withtechniquessuchasdiversity,frequencyhopping
andpulseshapingareinvestigated.
1.Introduction
Currentlocalareanetworksaregenerallywire
basedandtypicallyoperateatdataratesupto10
Mb/s.Replacementetworkshouldthereforebe
aimingtomatch,orpreferablyimproveupon,this
orderofperformance.Theabilitytoachievesuch
highspeedtransmissionsat low errorratesis
severelyrestrictedby thepropagationcharac-
teristicsof thesurroundingenvironment.In par-
ticular,thespreadindelaytimeseenatthemobile
receivertendstorestricthemaximumtransmis-
sionrateforagivencellcoveragearea[1-3].This
restrictionarisesasaresultof intersymbolinter-
ferencewhichleadstotheintroductionofanirre-
ducibleerrorfloor.Thispaperpresentssomeof
theresultsobtainedaftermodellinganumberof
radioenvironmentsand'configurationsforboth
indoorandoutdoorapplications.Thesimulation
packagemakesuseofpredictedimpulseresponse
waveformsinordertoconfidentlyrepresentreal-
isticchannels.Extensivemeasurementshavebeen
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takenin ordertoevaluatethispropagationmodel.
Variousmodulationschemeswere considered.
rangingfromQPSK tovariousconstellation.ver-
sionsof 16QAM.
In ordertoachieveahighdatarate,systemsmust
beableto toleraterelativelylargevaluesof nor-
maliseddelay spread.Multi-level modulation
schemesappearparticularlyattractivebecause
theyoffera gainin bandwidthefficiencywhich,
ifrequired,enablestheuseofanti-multipathpulse
shapesto improvethesystem'sISI immunity.In
addition.tooperatein largerdelayspreads,tech-
niquessuchas diversityor channelequalisation
werefoundto berequired.However,boththese
techniquestendtosufferwhenoperatinginsevere
signalfades.This makesit difficultto guarantee
theverylowerrorratesnecessaryfordatatransfer.
For example,thereis alwaysa sma:llprobability
thatthereceiverwill fmditselfin or slowlymov-
ingthroughafade.To overcomethisproblemwe
haveproposedtheuseof linearfrequencyhopping
whicheffectivelyrandomisesthechannelstatis-
tics.Thistechnique,whencombinedwithsuitable
channelcoding,avoidstheproblemsof thefading
channelandthusallowsverylowerrorratestobe
maintainedatall times.
2. ThePropagationModel
Theequationusedtodescribethechannelwas
firstproposedby Turin[4]andhasbeensub-
sequentlyusedbyseveralauthors[5,6].It takes
theformof a band-limitedcompleximpulsere-
sponse,h(t),givenby:
n
h(t)-Eat 6( t- 'tt)exp(jrpt)
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(1)
Herethetransmittedpulseis mathematicallyde-
scribedbyaDiracfunctionandthereceivedsig-
nal,h(t),is formedfromtheadditionof waves
fromseveraltimedelayedpaths,eachrepresented
by an attenuatedandphaseshiftedDirac wave-
form.Themethodadoptedin thispaperdirectly
seekstoevaluatesuitablepathparametersfor the
amplitudeCJi:.arrivaltime'tt,andthearrivalphase
CP.t.suchthatthepropagationcharacteristicscan
bepredicted.This calculationusesgeometricop-
ticsandthegeometrictheoryof diffraction.
2.1.GeometricOptics
Thealgorithmusesgeometricopticsinorderthat
itcancalculateanalyticallyallreflectedandtrans-
mittedpathsupto andincludingseventhorder
reflectionsforbothindoorandshortrangeoutdoor
microcellularpplications.Fortheoutdoormicro-
cellularscenariothemodelworksin twodimen-
sionsandforeachcalculatedpathanadditional
groundreflectedrayisadded.Thisineffectmakes
theassumptionthattherooftopsarehavingno
impacton theresultsandconsequentlythean-
tennamustalwaysbe placedbelowroof top
height.Withouttherequirementforceilingreflec-
tioncalculationstheoutdoormodelis capableof
workingwith morecomplexcell structures.
Ratherthanconsideringuptoseventhordere-
flectionsateachlocationthealgorithmevaluates
uptofourordersof reflectionbeyondthatof the
strongestpath.Thusfor a lineof sight(LOS)
scenariothemodelconsidersonlyup to only
fourthordereflections,whereashouldthemost
dominantpathbeofthirdordereflectionthenthe
algorithmconsidersall raysup to theseventh
orderof reflection.Foranemptyenvironmentit
ispossibletogenerateequationsforthemaximum
numberof reflectedpathsuptoandincludinga
givennumberof reflections,n. For a 3-Dbox
environmentthemaximumnumberof reflected
pathscanbecalculatedfromthefollowingequa-
tion:
4' 8p - -n3+2n2+-n +13 3 (2)
andfora2-Drectangularenvironment(includes
groundreflectedrays):
P -4n2+4n+2 (3)
Thuswithanempty3-Denvironmentthereis a
maximumof 129raysuptoandincluding4reflec-
tionsandalimitof 575raysif allraysuptoand
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includingsevenreflectionsareconsidered.The
correspondingfi uresfora 2-Denvironmentare
82and226respectively.
Conceptuallythealgorithmworksbyreflecting
thetransmitteraboutachosenreflectingwallor
walls.A lineis thendrawnbetweenthereceiver
andtransmitterimage.If thisis intersectedbythe
reflectingwallandnootherwallsthena purely
reflectedpathis saidtoexist.Thevalueof 't.tfor
thispathis foundfromthelengthofthelineand
thespeedof light.CJi:is foundbyusingasquare
lawattenuationfsignalpowerwithdistanceand
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Figure3:RMS DelaySpreadforSiteinFigure2
incorporatingareflectionloss.<ptcanbeevaluated
from thepathlengthandknowledgeof thecar-
rier frequencywith allowancesbeingmadefor
phasetransitionsresultingfromreflectionsordif-
fraction.In theeventof thelinebetweentransmit-
ter and reflectedreceiverbeingintersectedby
morethantheintersectingplanethenapathis said
to exist but the wave is attenuatedfurtherby
passingthroughablockingwall orwalls.
Thebasicideaforthealgorithmcanbeextended
toincludeanynumberofreflections.Thereflec-
tionandtransmissioncharacteristicshavebeen
evaluatedasa functionof arrivinganglefor a
rangeof differentwallmaterials.Thealgorithm
hasalsobeenmademorerealisticbyaddingan
antennagainpatterntoboththetransmitterand
receiver.Bothantennasweremodelledasverti-
callypolarisedhalf-wavedipoles.
2.2GeometricTheoryofDiffraction
Theapplicationof geometricopticsprovidesa
simpleandeffectivemethodfor predictingthe
behaviourof radiochannels[7]:-Themethodis
howeverapproximateandassuchhaslimitations.
Foranon-LOS(lineof sight)scenariogeometric
opticssuffersfromitsexclusionofthediffracted
raypaths.It wasfeltthatin thefrequency,band
consideredhere(centrefrequencies1.7and1.845
GHz)theeffectofthediffractedraysmaywellbe
significantandthuswarrantedinvestigation.
GTDowesitsoriginstoKeller'sattemptsoim-
proveongeometricopticsandhasbeendesigned
asanextensiontoageometricopticsapproach[8].
Thusthetwomethodscanelegantlybecombined
toprovideasinglepredictiontool.Theformula-
tionof diffractedpathsis similarto thatof re-
flectedpathsin geometricopticsexcepthathe
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Figure4:SignalStrengthforsiteinFigure2
reflectioncoefficientisreplacedwithadiffraction
coefficientandalterationsaremadetothespatial
attenuationfactor.Figure1showsthegeometry
fordiffractionbya straightedge.Thediffracted
field,foreithersoft(perpendicular)o hard(par-
allel)polarisation,resultingfroma finitelycon-
ductingwedgecan be calculatedwithout
singularityproblemsattheincidenceandreflec-
tionboundariesu ing[9]:
Dh -eXp(-J'Y4) [ (
'
8 - cot It+ qI- qI)
~sin (~) [ 2n ]F( tSLg+(<p-<p'»
+ cot[ It - <.!_-qI')] F( f3Lg- (<p- <p'»
+Ro~cot [It-~+ qI')] F( f3Lg-(<p+<p'»
+Rn~cot [ It -~-+qI')]F( f3Lg+(<p+<P'»] (4)
WheretheFresnel transitionfunction,
F(x) - 2% exp(jx).Lxexp(-j~') d't
(5)
and L-ss'sirlf30
s+s'
(6)
2
(
2mrN%-1:
)
,
g%(1:)=2cos 2 . I:=<p:t <p (7)
In equation(7), N%are theintegerswhich most closely
satisfy theequations:
2nnN+-(k)-n and 2nnN--(k)--1t (8)
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Ro~andRn~arethereflectioncoefficientsforthe
perpendicularndparallelpolarisationforthe0
face,incidentanglecp',andforthen face,reflec-
tionangleme- cp(figure2).Althoughthemathe-
maticalexpressionsforthediffractiontermslook
somewhatcumbersomeanddifficulttomanipu-
latetheycanquitereadilybeevaluatedbyacom-
puter.Calculationof thediffractedfieldsdoes
howeveraddfurthercomplexitytothealgorithm
andit wasfeltnecessarytolimitthecomputation
performed.Consequentlyhealgorithmdescribed
evaluatesthefirstandsecondorderdiffraction
termsalongwithallcombinationsofonereflec-
tionandonediffraction.Foreachdiffractedpath
calculatedthe samepathwith an additional
groundreflectionisalsoevaluated.
In ordertoascertainwhetherthediffractedrays
arenecessarythesimpleroomenvironmentof
figure2wasmodelled.Figures3and4showthe
variationinRMSdelayspreadandsignalstrength
aroundtheincidentboundary.Clearlythedif-
fractedrays,whilstofferinga littlemorelocal
detail,arenothavingasignificantimpactonthe
overallrangeofpredictedvaluesforeitherRMS
delayspreadorsignalstrengthvalues.
3.ChannelSimulation
Resultsfor bothanindoorandanoutdoorsiteare
presentedhere.Figures5and6showthetwosites
considered.Figure 5 showsa simplifiedrepre-
sentationof thecommunicationslabattheuniver-
sity.Theroomis dividedintotwomainareasbya
centralpartitionandhasananechoicchamberin
its centre.This sitewaschosenasapossibleloca-
tionfor a radioLAN.
In figure6,theoutdoorsite,theprincipalreflec-
torsusedwithinthemodelareshownin heavy
lines,andthethinnerlineswithshadingrepresent
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a computerisedmapof thearea.Thetransmitter
wasplacedattheendofaroadwaywhichprovided
theentrancetoa large'U' shapedbuildingsur-
roundingthreeof theentrance'sfoursides.The
areabehindthetransmitteris a carparkwhich
offeredmanypotentialscatterers.Measurement
of bothLOS andobstructed(OBS)pathswere
taken.Theenvironmentaldescriptionwithinthe
modelis alsoindicatedon the.map.Principal
reflectors,diffractionpoints,receiverlocations
areall shown.Theoutercell dimensionshave
beenboundedbyreflectingplanesrepresentedby
thicksolidlines.Thiswasdonebecauseitwasfelt
thatfor theseantennaheights(Tx =2.5m, Rx =
1.5m)it wasmorelikelyfor dissipatingraysto
encounterobstaclesthancontinuein freespace.
Thissitewaschosenasanexampleof acordless
environmentservingabuildingentrance.
Figures7 and8 showthecumulativedistribution
functionfor theRMS delayspreadfor bothmeas-
urementsand modellingof the two sites.The
modelledandmeasuredresultsagreequiteclosely
in eachcase.As expectedthesmallerRMS delay
spreadvalueswerefoundindoors,with a meas-
uredrangeofbetween7nsand35nswithamedian
valueof about15ns.For theoutdoorcasethereis
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ameasuredrangeofbetween40nsand130nswith
medianvalueof 7Ons.Whilstthereis goodagree-
mentbetweenmodelledandmeasuredresultsit is
apparentthat the modelledresultshavefewer
largeRMS delayspreadvalues.This is probably
because,for theoutdoorcase,themodelconfines
thecell barriersat theouterperimeterandthus
mayfail to find theoccasionaldistantreflected
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path.Also for theindoorenvironmentthemodel
doesnotcalculaterayswhichmaypassin andout
of windows.
In orderto considerthefactorsaffectingboth
RMS delayspreadandsignalstrength,surface
contoursplotshavebeengeneratedforbothsites,
seefigures9-11(note:valueswerenotcalculated
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Figure12:OutdoorSignalStrength(dB)
in theanechoichamberorinsidebuildingsforthe
outdoorcell). Thesesurfaceplotsprovideanin-
terestinginsightinto theRMS delayspreadand
signal strengthparameters.Firstly the signal
strengthis calculatedusingbothamplitudeand
phaseandassuchexhibitsfastfading.RMS delay
spreadhoweveris derivedfromthepowerdelay
profileandthereforehasnophaseinformationand
consequentlyexhibitsnofading.Theimplications
of thisarethatthesignalstrengthdatacanindicate
localisedfadeswhereerrorsmayoccurand,whilst
a high RMS delayspreadshowsthedispersive
natureof thechannelit doesnotgiveinformation
of wherelocalisederrorsmayexist.Hencedueto
thefastfadingeffectsof thesignalstrengththere
is notastrongcorrelationbetweensignalstrength
andRMS delayspread.Howevertheseresultsdo
indicatethattheRMS delayspreadis typically
greaterin shadowedregions[10]. In addition
whilstcellsizeclearlyhasabearingonthecumu-
lativespreadof RMS delayspreadvaluesthereis
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nota strongcorrelationbetweentransmitterand
receiverseparationandindividualRMS delay
spreadvalues.
4. ModemDesign
Figure13showstheblockdiagramforthetrans-
mit andreceivearchitecturesu edthroughout
thesesimulations.ThedesignwasbasedonanIQ
philosophywhich allowsvariousmodulation
schemesto beeasilyimplementedin software.
Thetransmittersimplymapstheincomingdata
intoI andQ impulsestreamsin accordancewith
thecurrentmodulationscheme.Theseimpulses
arethenshaped,to bandlimitthesignal,before
passingthemontotheRF upconverter.Thede-
modulationprocessis slightlymorecomplicated
withdifferentreceiversbeingrequiredfordiffer-
entialanddifferentiallycoherentreception.For
constantenvelopemodulationschemesthere-
ceivedI andQ signalsaresimplymixed,as
DATAIN
.qp-
/
Transmitter
KEY
IZSI=PulseShapingMF =MatchedFilter SQR=Square
LPF =Low PassFilter BPF =BandPassFilter
\ FullyDifferentialReceiver
Coherent/DifferentiallyCoherentReceiver
Figure13:TransmitandReceiveArchitecture
shown,to generatetherequiredbasebandata.
However,forlinearmodulationschemes,wehave
includedaseparatecircuitwhichextractsthesig-
nalamplitudewhendifferentialdetectionis re-
quired. This circuit not only maintains
compatibilitybetweenthereceiversbutalsohelps
toreducethedistortioni troducedbythematched
filters[11].Oncetheamplitudeandphasesignals
havebeenobtainedtheyaremappedtotheappro-
priatedatabitsin accordancewiththecurrently
selectedconstellationdiagram.Theaboveis a
briefdescriptionofthemodemsoperation,amore
rigorousanalysishasbeengivenin [I,ll].
5. Modulation
Althoughtraditionaltechniquessuch.asGMSK
andQPSKhavealreadybeensimulatedusingthis
software,thispaperwilltendtoconcentrateonthe
advantagesofferedusinglinearmulti-levelmodu-
lation.Itiswellknownthat16QAMrepresentsan
optimumconstellationforthereceptionofdatain
additivewhiteGaussianoise.However,inafad-
ingchannelitbecomesdifficultotrackthephase
variationsduringdeepfades.Thiscanresultinthe
possibilityoffalselockingandhence,anunac-
ceptablyhighsymbolerrorate.Theseerrorscan
~.
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bereducedbydifferentiallyencodingthetrans-
mittedatatoremoveitsdependencyontheabso-
lutephaseof thecarrier.For thesquareQAM
configurationtherearealargenumberofpossible
amplitudeandphasetransientswh~ndifferential
encodingis employedacrossconsecutivesym-
bols.This resultsin a complexdifferentialre-
ceiverwhichperformsinadequatelyinnoiseand
fading.Manyalternativeconstellationshavebeen
proposedovertheyears[12,13].In thispaperwe
shallconcentrateontheconstellationshownin
figure14.Thistechnique,referredtoas16APSK,
utilisestwoconcentric8-PSK ringsto greatly
simplifytheprocessof differentialreception.A
full mathematicalanalysisof thistechniquehas
alreadybeenevaluatedandcanbefoundinrefer-
ence[1].
6. MultipleAccess& FrequencyHopping
In additiontochoosinga modulationscheme,a
greatdealofconsiderationmustalsobegivento
themultipleaccessrequired.If weassumethatfor
anindoorsystemeachuser,afterchannelcoding,
transmitsatupto10Mb/s,aTDMA systemserv-
ing15userswouldthenrequireadatarateof 150
Mb/s.Evenwithchannelequalisationthisdata
Q"., ------._---, ,, ,, ,, ,. ,. ,. ,. ,
.. ..- --e., ~. .. " .
! . . :, . , .
,. '
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Figure14: 16APSKConstellation
rateprovesverydifficultandveryexpensiveto
achieve.If eachuserrequiresa highdatarateit
wouldappearmoresensibleto operateusing
FDMA.However,thereisalwaysachancethathe
frequencyassignedtoauserwill sufferfromdis-
tortionor deepsignalfading,whenthisoccurs
transmissionmaywell proveimpossible.Al-
thoughautomaticrepeatrequestcanbeappliedin
suchsituations,if theuserremainson thisfre-
quencyrepeatedtransmissionmaynotnecessarily
help.
It wouldappearimpossibletoguaranteethelow
errorratesrequiredsinceit isalwayspossiblefor
thesignaltofadeorsufferdistortion.However,if
weimplementoursystembasedontheideasof
frequencyhoppingwecan,withthecorrectcod-
ing,operatesuccessfullydespitethiscorruptionof
thereceivedsignal[14,15].Thebasicideaisillus-
tratedin figure15.Firstly,thedatais spreadout,
orinterleaved,overanumberofhoppingframes,
eachframecontainingB datasymbolsandSsyn-
chronisationsymbols.Eachoftheseframesi then
sentusingadifferentcarrierfrequency,theirsepa-
rationbeinglargeenoughtoensureuncorrelated
fading.Totransmitthedatawecanthenuseany
differentialornon-coherentmodulationscheme.
Coherentmodulationis difficulttoachievesince
it requiresthesystemtoextracthecarrierafter
eachhop.Sinceweintendtooperatein awide-
bandenvironmentthesymboltimingmustalsobe
acquiredforeachframe.If thechannelisassumed
stationaryduringframes,thesynchronisationse-
quencemaybeusedto obtainthisinformation.
Afterreceivingthedatait is thenquitepossible,
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Figure15: FrequencyHopping& Coding
duetochanneldistortions,forsomeoftheframes
tobereceivedinerror,thissituationisdenotedby
theshadedregionsin figure15(ii).De-interleav-
ingthedatabitswillrandomisetheburstsoferrors
therebyallowingthemtoberemovedbythede-
codingprocess.Obviously,whentoomanyframes
arriveinerrorthecodingschemebreaksdownand
isunabletocorrectcompletelytheincomingdata.
However,byselectingtheappropriateerrorcor-
rectingcodetheusercannowcontroltheerrorate
encounteredduringtransmission.
To improveboththespectralefficiencyandthe
usersperformancew havealsoassumedsynchro-
nisedcyclicalhopping[15].Eachuserisassigned
auniquepointerintoa frequencyloo~-uptable,
whenthesystemisrequiredtohopth!spointeris
simplyincrementedto obtainthenextrequired
frequency.Thistechniquecyclesthroughall the
availablefrequenciesin acontrolledorsynchro-
nisedmannerthusremovinganydangerof data
collision.Thisallowstheoverallsystemtofully
exploitheavailablebandwidth.
7. SystemResults
Thefollowingresultswereallobtainedusingthe
channelmodelsdescribedin theearliersections.
Figure16showsthesimulatedperformanceof a
numberof differentmodulationschemesovera
rangeof normaliseddelayspreads.Thevalueof
thenormalisedelayspreadwascalculatedby
simplymultiplyingthermsdelayspreadforthe
particularlocationbythesimulatedbitrate.The
GMSK simulationswerelooselybasedon the
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Figure 16: Delay SpreadPerformance
EuropeanDECTspecificationwhich,assuminga
speecherrorthresholdof 1in 1000bits,indicated
a tolerablenormalisedelayspreadof approxi-
mately0.11.Theperformanceof rootraisedco-
sineQPSKwasalsosimulatedandseentodepend
onthevalueof theroll-offconstant,a..Withthis
valuesetat1thesystemperformedslightlybetter
thanthatforGMSK.
The16APSKmodulationschemeofferedasimilar
orderofperformance,althoughthiswasachieved
withagreaterspectralefficiency.Usingasuitable
pulseshapeit becomespossibletotradeoff this
superiorefficiencyfor improvedISI immunity.
Thissituationhasbeendemonstratedfortwodif-
ferenttypesof anti-multipathpulseshape.The
firstof theseusesarelativelysimpleraisedsine
timedomainprofilewhilstthesecondisbasedon
areturn-to-zeror otraisedcosinefilter(RZ-RC).
ThisfiltershapestheI andQimpulseswitharoot
raisedcosineresponsehavingabandwidthwhich
istwicethatrequiredbytheroll""9ffconstant.Both
of thesepulseshapeshadtheeffectof lowering
thebandwidthefficiencytothatexpectedforthe
previousQPSKsimulation.However,elativeto
theraisedsinepulseshape,thedegreeof outof
bandenergyis farlessif thereturn-to-zeroot
raisedcosinepulseshapeis used.Basedonthe
previousthreshold,normalisedelayspreadsof
0.38and0.42aretolerablefortheraisedsineand
return-to-zerootraisedcosinefiltersrespec-
tively.
Diversityis oneof manytechniqueswhichcanbe
appliedtoa systemtoreducetheimpactof delay
spread.Figure17demonstratesthediversitygains
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expectedfor twoof thesystemsdescribedearlier.
Firstly, for the GMSK simulation,two branch
switcheddiversityallowedthereceivertooperate
atnormalisedelayspreadsupto0.22.Thisfigure
representsadoublingof thevaluepreviouslyex-
pectedusinga singleantenna.A similarsituation
arosefor 16APSK(usingaraisedsinepulse),with
twobranchswitcheddiversityit nowwithstands
a normalised elayspreadof 0.51.This valueis
furtherenhancedwhen equal gain combining
(EGC) is used.However,evenwith theuseof
diversitycombiningit still remainspossibleto
encounteringasignalfade.In fact,fornormalised
delayspreadsgreaterthan0.7theerrorstendedto
occureveryhalfacarrierwavelength.This value
correspondsto the averageseparationdistance
betweensignalfades.For highdataratesanerror
burstmayeasilylastfor severalthousandsymbol
periodsmakingforwarderrorcorrectionalone
unabletocope.As wehavealreadyseen,applying
frequencyhoppingto thesystemrandomisesthe
channelstatisticsandthereforeallowsanycoding
tooperatesuccessfully.Figure18showsthesimu-
latedeffectsof addingfrequencyhoppingin a
typicalwidebandenvironment.Fifteendifferent
frequenciesweresimulatedwith a hop rateof
approximately600hops/sec.Thedatawascoded
usingaBCH(15,7)blockcodewhichwascapable
of correctingtwobiterrorsineveryfifteen.With-
outthehopping,interleavingandcodinganirre-
ducibleerrorrateof4symbolsina 1000wasseen.
With thehoppingsystemenabledthisirreducible
errorwastotallyremoved.A significantimprove-
mentin the noise performancewas also seen,
althoughthiscanbemostlyattributedto thesys-
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Figure 18: FrequencyHopping-NoiseReduction
temcoding.However,withoutthefrequencyhop-
ping,thecodingalonewouldnotbeabletore-
movetheerrorswhenthereceivermoveslowly
through,orremainstationaryin,asignalfade.
Forthehoppingsystem,figure19showstheim-
provementsintheirreduciblerrorateforarange
of normalisedelayspreads.For theprevious
speechthresholdtheunaided16APSKreceiver
couldtolerateanormaliseddelayspreadof0.38.
Withhoppingthevalueis increasedupto0.65.
Additionalgainscanalsobeobtainedif diversity
is appliedto this system.Normaliseddelay
spreadsof 0.81and0.88canbetoleratedfor
switchedandequalgaincombiningrespectively.
For computernetworksa morestringenterror
thresholdneedstobedefined.Forthepurposesof
thispaperwewill thereforeassumeadataerror
thresholdof 1in 100000bits.Forthisvalue,the
unaided16APSKsystemcouldtolerateanormal-
iseddelayspreadof just0.21.Withfrequency
hoppingthevalueincreasesto0.51.Onceagain,
diversityimprovesthesituationwithvaluesupto
0.68and0.72becomingpossibleforswitchedand
equalgaincombining.However,even~theselow
errorratesadditionalcodingor feedbackerror
controlwouldbeneededtodetectandtJ1encorrect
theseoccasionalerrors.
8.Conclusions
Althoughtheirreduciblerrorrateresultshave
beenpresentedin termsof normalisedelay
spread,providingthermsdelayspreadisknown,
thesecanbe easilyconvenedintotheircorre-
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spondingdatarates.TheGMSK simulationwas
basedonDECTandthereforehada datarateof
approximately1.1Mb/s.Theresultsindicatedthat
forspeech,uptolOOnsofrmsdelayspreadwould
be tolerable,220nsif switched iversitywere
implemented.Consideringtheoperatingrangeof
DECT (200m),switchediversityappearsvery
attractiveforoutdoort ansmissionsat,ornear,the
cell boundaries.For example,theoutdoorsce-
narioconsideredin thispapershowedrmsdelay
spreadup to 130nswhich,withoutdiversity,
wouldpresentdifficultiesforaDECTbasedsys-
tem.TheQPSKresultsuggestedaperformance
in delayspreadsimilarto,orslightlybetterthan,
thatforGMSK.Forrootraisedcosine16APSK,a
similardegreeofdelayspreadcouldbepermitted.
However,for thissystem,a far betterspectral
efficiencycanbeachieved.
Theuseofaraisedsinetimedomainpulsereduces
thesensitivityof thereceivertodelayspreadas
well as expandingthesignalbandwidth.This
pulseshapenowpermitsthe16APSKsystemto
toleratesignificantlyhighervaluesof delay
spreadwhilstmaintainingabandwidthefficiency
similartothatof bothQPSK andGMSK. This
improvementwouldallow,fortheDECTenviron-
ment,a maximumdatarateof around3.8Mb/s.
Alternatively,keepingthedatarateconstant,we
couldnowwithstandrmsdelayspreadsup to
35Ons.Thisimprovedperformanceouldthenbe
translatedintoanincreaseintheoverallcellsize.
Diversitywasalsoseentoimprovetheperform-
anceof the16APSKsystem.With equalgain
combiningthe dataratewas improvedfrom
3.8Mb/sto5.5Mb/s(Onceagainassuminganrms
!t
delayspreadof lOOns).This relativelymodest
improvementarisesbecause,for largerdelay
spreads,theerrorburststendtolosetheircorrela-
tionwiththereceivedsignalenvelopeandthere-
fore saturatethe receivingantennas.If the
frequencyhoppingsystemwereappliedtogether
withdiversitythenspeechdataratesashighas
8.1Mb/sand8.8Mb/sbecomeachievabledepend-
ingonthecombiningtechniquesmployed.
For computercommunicationssuchaswireless
indoornetworks,frequencyhoppingcombined
with an anti-multipathpulseshapehasbeen
shownto offera suitablelevelof performance.
Thepropagationmodelshaveindicateda worst
casedelayspreadofaround35nsfortheparticular
indoorenvironmentconsidered.Usingthisfigure
wefind,forthe16APSKsystem,thatadatarate
of justover14Mb/scanbeachievedwitha bit
errorratelessthanI in 100000.Evenafterthe
codingredundancyhasbeentakenintoaccount,
thisleaveswellover6Mb/s.If higheratesare
requiredequalgaincombiningcanbeaddedto
increasethegrossthroughputto over20Mb/s.
Thiswouldgiveeachof theusersapproximately
9Mb/s.Thesefigurescomparewellwiththesys-
temoperatingwithouthopping,codinganddiver-
sity wheredataratesof around7Mb/swere
possible.
Obviouslyall theabovefiguresareonlyapplica-
blefortheparticularsiteconsideredandthemod-
elling work has indicatedthat for larger
environmentshesubsequentdatarateswill be
reduced.However,unlikecurrentlocalareanet-
worksthecapacityisfixedforeachuserandwill
notreduceastheloadrises.Infact,withsynchro-
nousfrequencyhopping,thesystemcanrunatfull
loadwhilststillavoidingthepossibilityof data
collision.Tosupporthigheruset'densitiesit may
alsobepossibletospliteachof thefrequencies
intoseveralTDMAframes.Thisapproachwould
thenoffermoreflexibilityinthedistributionofthe
overallcapacity.
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Thesesimulationshaveshownthatforindooror
shortrangecommunicationsrelativelyhighdata
ratescanbeachievedwithoutresortingtochannel
equalisation.Thechoiceof modulationis also
important.Schemeshavinggoodspectraleffi-
ciencycanalwaystradeoff thisadvantageto
improvetheirISI immunity.Hence,for a fixed
bandwidth,multi-levelmodulationschemeswill
alwaysbecapableofoutperforminganyspectrally
l~sefficientechniques.
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